A statistical combination of searches is presented for massive resonances decaying to WW, WZ, ZZ, WH, and ZH boson pairs in proton-proton collision data collected by the CMS experiment at the LHC. The data are taken at centre-of-mass energies of 8 and 13 TeV, corresponding to respective integrated luminosities of 19.7 and up to 2.7 fb −1 . The results are interpreted in the context of heavy vector triplet and singlet models that mimic properties of composite-Higgs models predicting W and Z bosons decaying to WZ, WW, WH, and ZH bosons. A model with a bulk graviton that decays into WW and ZZ is also considered. This is the first combined search for WW, WZ, WH, and ZH resonances and yields lower limits on masses at 95% confidence level for W and Z singlets at 2.3 TeV, and for a triplet at 2.4 TeV. The limits on the production cross section of a narrow bulk graviton resonance with the curvature scale of the warped extra dimensionk = 0.5, in the mass range of 0.6 to 4.0 TeV, are the most stringent published to date.
Introduction
Hypotheses for physics beyond the standard model (SM) predict the existence of heavy resonances that decay to any combination of two among the massive vector bosons (W or Z, collectively referred to as V) or to a V and the scalar SM Higgs boson (H). Among the considered models are those dealing with warped extra dimensions (WED) [1, 2] and composite-Higgs bosons [3] [4] [5] [6] . Searches for such VV and VH resonances in different final states have previously been performed by the ATLAS [7] [8] [9] [10] [11] [12] and CMS [13] [14] [15] [16] [17] [18] [19] [20] experiments at the CERN LHC. As all of these searches have similar sensitivities, a statistical combination of the CMS results is provided to improve the overall result. The current status of heavy diboson searches at CMS is also of interest in this respect, with recent work in the all-jet VV [21] and lepton+jet WH [16] decay channels showing possible enhancements.
The benchmark models considered in combining the results are a heavy vector triplet (HVT) model [22] and the bulk option [23] [24] [25] (G bulk graviton) in the Randall-Sundrum (RS) WED model [1, 2] . The HVT model generalizes a large number of models that predict spin-1 resonances, such as those in composite-Higgs theories, which can arise as a singlet, either W or Z [26] [27] [28] , or as a V triplet (where V represents W and Z bosons) [22] . The HVT and G bulk models are considered as benchmarks for diboson resonances with spin 1 (W → WZ or WH, Z → WW or ZH), and spin 2 (G bulk → WW or ZZ), respectively, produced via quark-antiquark annihilation (qq → W ,→ Z ) and gluon-gluon fusion (gg → G bulk ).
The analyses included in the statistical combination are based on proton-proton (pp) collision data collected by the CMS experiment [29] at √ s = 8 and 13 TeV, corresponding to respective integrated luminosities of 19.7 and 2.3-2.7 fb −1 . Of the 2.7 fb −1 recorded at 13 TeV, the detector was fully operational for 2.3 fb −1 , while 0.4 fb −1 were collected with only the central part of the detector (|η| < 3) in optimal condition. The signal corresponds to a narrow charge 0 or 1 resonance with a mass >0.6 TeV that decays to any of the two high energy W, Z, or Higgs bosons, where narrow refers to the assumption that the natural width is smaller than the experimental resolution, as is true for a large fraction of the parameter space of the reference models. For the mass range under study, the particles emerging from the boson decays are highly collimated, requiring special reconstruction and identification techniques that are in common in these kinds of analyses.
Analyses were performed using all-lepton, lepton+jet, and all-jet final states that include decays of W and Z bosons into charged leptons ( = e or µ) and neutrinos (ν), as well as the reconstructed jets evolved from the( ) products of the boson decays. The latter include W →and Z → qq. The analyses use H → bb and H → WW →decays of the Higgs boson, which are labeled as bb or. Final states with the Higgs boson decaying into a τ + τ − lepton pair are also considered. In all, we combine results from the following final states: 3 ν (8 TeV) [13] ;(8 TeV) [14] ; νqq (8 TeV) [14] ;(8 TeV) [15]; νbb (8 TeV) [16]; qqττ (8 TeV) [17]; qqbb and 6q (8 TeV) [18] ; νqq (13 TeV) [19] ;(13 TeV) [19] ; and bb, νbb, and ννbb (13 TeV) [20] . Since some more forward parts of the detector, which provide information for the calculation of the missing transverse momentum, were not in optimal condition for a fraction of the 2015 data-taking period, the analyses of 13 TeV data in the νqq, νbb and ννbb decay channels are based on the dataset corresponding to the integrated luminosity of 2.3 fb −1 rather than 2.7 fb −1 .
Given the limited experimental jet mass resolution, the W →and Z →candidates cannot be fully differentiated, and individual analyses can be sensitive to several different interpretations in the same model. For example, the final state νqq is sensitive to HVT W decays to a WZ boson pair as well as to Z decays to WW boson pairs. The sum of contributions from multiple signals with their respective efficiencies is sought in the combination. For this reason, separate interpretations are given below for a vector triplet V and for vector singlets (W or Z ).
This letter is structured as follows. After a brief introduction to the benchmark models in Section 2, a summary of the analyses entering the combination is given in Section 3. The combining procedure is described in Section 4, and finally the results and summary are provided in Sections 5 and 6.
Theoretical models
As indicated above, heavy diboson resonances are expected in a large class of models that attempt to accommodate the difference between the electroweak and gravitational scales. We perform the combination in the context of seven benchmark theories formulated to cover different spin, production, and decay options for resonances decaying to VV and VH. The properties of models for spin-1 and spin-2 resonances are briefly discussed in the following two subsections, with benchmark resonances summarized in Table 1 . For both spin-1 and spin-2 resonances, the signal cross sections used in this paper are given in Tables 5 and 6 of the Appendix.
Spin-1 resonances
Several extensions of the SM such as composite Higgs [3] [4] [5] [6] and little Higgs [30, 31] 
A value of g V = 3 is chosen for model B to represent strongly coupled electroweak symmetry breaking, e.g. composite Higgs models, while assuring small natural widths relative to the experimental resolution. We also consider heavy resonances that couple to W and Z as singlets, i.e. expecting only one charged or neutral resonance at a given mass, as summarized in Table 1 .
Previous searches for a W boson decaying into a pair of SM vector bosons (WZ, WH) provide a lower mass limit of 
Spin-2 resonances
Massive spin-2 resonances can be motivated in WED models through Kaluza-Klein (KK) gravitons [1, 2] , which correspond to a tower of KK excitations of a spin-2 graviton. The original RS model (here denoted as RS1) can be extended to the bulk option (G bulk ), which addresses the flavor structure of the SM through the localization of fermions in the warped extra dimension [23] [24] [25] .
These WED models have two free parameters: the mass of the first mode of the KK graviton, m G , and the ratiok ≡ k/m Pl , where k is the curvature scale of the WED and m Pl ≡ m Pl / √ 8π is the reduced Planck mass. The constantk acts as the coupling constant of the model, on which the production cross sections and widths of the graviton depend quadratically. For models withk 0.5, the natural width of the resonance is sufficiently small to be neglected relative to detector resolution.
In the bulk option, coupling of the graviton to light fermions is highly suppressed, and the decay into photons is negligible, while in the RS1 scenario, the graviton decays to photon and fermion pairs dominate. In the context of WW and ZZ resonance searches, the bulk option is of great interest, since RS1 is already strongly constrained through searches in final states with fermions and photons [32] [33] [34] . The production of gravitons at hadron colliders in the bulk option is dominated by gluon-gluon fusion, and the branching fraction B(G bulk → WW) ≈ 2 B(G bulk → ZZ). The decay mode into a pair of Higgs bosons, which is not studied in this paper, has a branching fraction comparable to B(G bulk → ZZ). Fork = 1, where the bulk graviton has comparable or larger width than the detector resolution, the most stringent lower limit of 1.1 TeV on its mass is set by a combination of searches in the diboson final state [10] . The most stringent limits on the cross section for narrow bulk graviton resonances fork ≤ 0.5 are also set through searches in the diboson final state [14, 15, 19] ; however, no limits are set on the resonance mass because of the small value of the predicted production cross section.
Data analyses

The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
Analysis techniques
This paper combines searches for heavy resonances over a background spectrum described by steeply falling distributions of the invariant mass of two reconstructed W, Z, or Higgs bosons in several decay modes. The Z → candidates are reconstructed from electron [35] or muon [36] candidates, while W → ν candidates are formed from the combination of electron or muon candidates with missing transverse momentum [37] , where the longitudinal momentum of the neutrino is constrained such that the ν invariant mass is equal to the W mass [38] . The contributions from H → ττ candidates are constructed from e and µ decays of τ → ν ν τ , and from τ →ν τ candidates, in combination with missing transverse momentum. The W →, Z → qq, H → bb, and H → WW →candidates are reconstructed from QCD-evolved jets [39] , as described in detail in the following.
Since the W, Z, and Higgs bosons originating from decays of heavy resonances tend to have large boosts, their decay products have a small angular separation, requiring special reconstruction techniques. For highly boosted W, Z, and Higgs bosons decaying to electron, muon, and tau candidates, identification and isolation requirements are formulated such that any other nearby reconstructed lepton is excluded from the computation of quantities used for identification and isolation. This method retains high identification efficiency, while maintaining the same misidentification probability when two leptons are very collimated.
When W, Z, or Higgs bosons decay to quark-antiquark pairs, the showers of hadrons originating from these pairs merge into single large-radius jets that are reconstructed using jet algorithms with a distance parameter of 0.8. The Cambridge-Aachen [40] and the anti-k T [41] algorithm are used for the 8 and 13 TeV data, respectively, providing comparable jet reconstruction performance. Jet momenta are corrected for additional pp collisions (pileup) that overlap the event of interest, as specified in Ref. [42] . To discriminate against quark and gluon jet background, selections on the pruned jet mass [43, 44] and the N-subjettiness ratio τ 2 /τ 1 [45] are applied. The jet pruning algorithm reclusters the jet constituents, while applying additional requirements to eliminate soft, large-angle QCD radiation that increases the jet mass relative to the initial V or H, quark, or gluon jet mass. The variable τ 2 /τ 1 indicates the probability of a jet to be composed of two hard subjets rather than just one hard jet. In the 8 TeV data, a jet is a candidate V jet if its pruned mass, m jet , is compatible within resolution with the W or Z mass. In the 13 TeV data, to further enhance analysis sensitivity to different signal hypotheses, two distinct categories enriched in W or Z bosons are defined through two disjoint ranges in m jet . Sensitivity is then further improved in both 8 and 13 TeV data by categorizing events according to the τ 2 /τ 1 variable into a low purity (LP) and a high purity (HP) categories. Although the HP category dominates the total sensitivity of the analyses, the LP category is retained, since for large masses of a new resonance it provides an improved sensitivity. The optimal selection criteria for m jet and τ 2 /τ 1 depend on the amount of background relative to the signals under consideration in an analysis and therefore differ across analyses. As a consequence, the efficiencies for identifying W and Z bosons can be different. The total efficiency of the m jet and τ 2 /τ 1 HP selection criteria for a signal of mass 2 TeV ranges from 45% to 75%, with a mistagging rate of 2% to 7% [39, 46] .
A category enriched in Higgs bosons is identified in a similar way through a pruned-jet mass window around the Higgs boson mass, ensuring a separate selection relative to V jet identification. In addition, for the bb final state, further discrimination against background is gained by applying a b tagging algorithm [47] [48] [49] to the two individual subjets into which the H-jet candidate is split. The b tagging algorithm discriminates jets originating from b quarks against those originating from lighter quarks or gluons. To distinguish H → WW →jets from background, a technique similar to V jet identification is applied using the τ 4 /τ 2 N-subjettiness ratio [18] . The selection efficiencies for each signal and channel are summarized in Table 2 . 
Reinterpretations
In this subsection, we discuss analyses that have been reinterpreted for this paper since not all signal models presented in this combination were considered in the originally published analyses.
In the searches for new heavy resonances decaying into pairs of vector bosons in lepton+jet ( νqq and qq) final states [14] at √ s = 8 TeV, exclusion limits are set at 95% confidence level (CL) on the production cross section of a bulk graviton. Using a parametrization for reconstruction efficiency as a function of W and Z boson kinematics, a reinterpretation is performed in the context of the HVT models described in Section 2.1, which predicts the production of charged and neutral spin-1 resonances decaying preferably to WW and WZ pairs. This reinterpretation is obtained by rescaling the bulk-graviton signal efficiencies by factors taking into account the different kinematics of W and Z bosons from W and Z production relative to graviton production. The scale factors are obtained for each mass point by means of the tables published in Ref. [14] . Since the parametrization is restricted to the HP category of the analyses, the LP category is not used for the HVT W and Z interpretations of these channels. The m jet window that defines the signal regions of the analysis channels is chosen such that the νqq channel is sensitive to both the charged and the neutral resonances predicted in the HVT model. This sensitivity is taken into account in the combination presented in Section 5.2.
The searches for heavy resonances decaying into pairs of vector bosons in the lepton+jet ( νqq and qq) [14, 19] and all-jet () [15, 19] final states at 8 and 13 TeV are also sensitive to the WH and ZH signatures, since a small fraction of jets initiated by Higgs bosons have a pruned jet mass in the W or Z range. These searches are therefore reinterpreted for WH and ZH systems, to profit from this additional sensitivity. The efficiencies of these additional signals for the analyses selections are calculated and indicated in Table 2 with an asterisk.
The search for resonances in the qqττ final state [18] is optimized for a Z resonance decaying to a ZH pair. However, given the large m jet window (65 < m jet < 105 GeV) used to tag the Z →decays, this analysis channel is also sensitive to the production of the charged spin-1 W resonance decaying to a WH pair predicted in HVT models. Similarly, the search in the all-jet final state with 8 TeV data is optimized for the W →WZ signal hypothesis, while being sensitive as well to a Z resonance decaying to WW. This overlap is taken into account in the statistical combination described in Section 5.2. For all the other analyses, limits have been previously set in the same models as those considered in this letter and a reinterpretation is not needed.
Combination procedure
We search for a peak on top of the falling background spectrum by means of a fit to the data. The likelihood function is constructed using the diboson invariant mass distribution in data, the background prediction, and the resonant line-shape, to assess the presence of a potential diboson resonance. For the 3 ν,, qqbb or 6q, and qqττ analyses, the likelihood function L, computed using events binned as a function of the reconstructed diboson invariant mass, is
where λ i = µN i (S) + N i (B), µ is a scale factor for the signal, N i (S) is the number of events expected from signal in the i th mass bin, and N i (B) is the expected background. The parameters n i are the number of events in the ith mass bin in the data. After maximizing the fit to the likelihood function, the value of µ = σ best-fit /σ theory corresponds therefore to the ratio of the fitted signal cross section σ best-fit to the predicted cross section σ theory . For the remaining analyses ( νqq, qq, νbb), an unbinned likelihood is similarly defined using functional forms that describe the line-shapes of the reconstructed diboson invariant mass for the background and signal resonances, and the scale factor µ for signal.
The treatment of the background in the maximum likelihood fit depends on the analysis channel. In the, qqbb, and 6q analyses, the parameters in the background function are left floating in the fit, such that the background prediction is obtained simultaneously with µ, in each hypothesis [15] . In the remaining analyses ( νqq, qq, bb, νbb, ννbb), the background is estimated using sidebands in data, and the uncertainties related to its parametrized distribution are treated as nuisance parameters constrained through Gaussian probability density functions in the fit, and are integrated over separately in the fits to Gaussian forms [14] . The likelihoods from all analysis channels are combined.
The asymptotic approximation [50] of the CL s criterion [51, 52] is used to set limits on the signal scale factor µ that take into account the ratio of the theoretical predictions for the production cross sections at 8 and 13 TeV.
Systematic uncertainties are treated as nuisance parameters constrained through log-normal probability density functions. All such parameters are refitted as a function of the parameter of interest µ, in the maximization of the likelihood function. When the likelihoods from different analysis channels are combined, the correlation of systematic effects across those channels is taken into account by treating the uncertainties as fully correlated (associated with the same nuisance parameter) or fully uncorrelated (associated with different nuisance parameters). Table 3 summarizes which uncertainties are treated as correlated among 8 and 13 TeV analyses, e and µ channels, HP and LP categories, and mass categories enriched in W, Z, and Higgs bosons in the combination. Additional categorization within individual analyses is described in their corresponding papers The nuisance parameters treated as correlated between 8 and 13 TeV analyses are those related to the parton distribution functions (PDFs) and the choice of the factorization (µ f ) and renormalization (µ r ) scales used to estimate the signal cross sections. The signal cross sections and their associated uncertainties are reevaluated for this combination at both 8 and 13 TeV, estimating thereby their full impact on the expected signal yield rather than just the impact on the signal acceptance. The PDF uncertainties are evaluated using the NNPDF 3.0 [53] PDFs. The uncertainty related to the choice of µ f and µ r scales is evaluated following [54, 55] by changing the default choice of scales in six combinations of (µ f , µ r ) by factors of (0.5, 0.5), (0.5, 1), (1, 0.5), (2, 2), (2, 1), and (1, 2). The experimental uncertainties are all treated as uncorrelated between 8 and 13 TeV analyses.
Results
We evaluate the combined significance of the 8 and 13 TeV CMS searches for all signal hypotheses. The ATLAS Collaboration reported an excess in the all-jet VV →search, correspond- In the following, we present for each channel 95% CL exclusion limits on the ratio of the excluded cross section and the theoretical prediction for heavy resonances, denoted σ 95% /σ theory , which is referred to as signal strength. Table 4 summarizes the lower limits on the resonance masses.
Limits on W and Z singlets
Below mass values of ≈ 1.4 TeV, the most sensitive channel is the 3 ν final state at 8 TeV. At higher masses, thesearch at 13 TeV dominates the sensitivity. The overall sensitivity benefits from the combination for resonance masses up to ≈ 2 TeV, lowering the exclusion limit on the cross section by up to a factor of ≈ 3 relative to the most sensitive single channel. Above resonance masses of 2 TeV, the 8 TeV analyses do not have significant sensitivity compared to thesearch at 13 TeV. ννbb channels at 13 TeV dominate the sensitivity over the whole range, with 8 and 13 TeV analyses giving almost equal contributions for masses below 2 TeV. Above this value, the sensitivity arises mainly from the 13 TeV data. As in the W analyses, the mass limit is not affected by the combination compared to what is obtained from the 13 TeV searches. Figure 2 (upper) shows the comparison and combination of the results obtained in the 8 and 13 TeV searches for resonances in a heavy vector triplet. The lower limits on the resonance masses for HVT models A and B are quoted in Table 4 . As for the W and Z cases, the observed mass limit of 2.4 TeV for both models obtained combining the 8 and 13 TeV searches is dominated essentially by the 13 TeV analyses alone. Figure 2 (lower) displays a scan of the coupling parameters and the corresponding observed 95% CL exclusion contours in the HVT models from the combination of the 8 and 13 TeV analyses. The parameters are defined as g V c H and g 2 c F /g V in terms of the coupling strengths of the new resonance to the H and V, and to fermions, respectively, given in Section 2.1. The range is limited by the assumption that the resonance sought is narrow. The shaded area represents the region where the theoretical width is larger than the experimental resolution of the searches, and therefore where the narrow-resonance assumption is not satisfied. This contour is defined by a predicted resonance width of 5%, corresponding to the best detector resolution of the searches. Figure 2 : Exclusion limits at 95% CL on the signal strengths in HVT models A (upper left) and B (upper right) for the triplet V , as a function of the resonance mass, obtained by combining the 8 and 13 TeV diboson searches. The signal strength is defined as the ratio of the excluded cross section and the theoretical prediction. In the upper plots, the curves with symbols refer to the different inputs to the combination. The thick solid (dashed) line represents the combined observed (expected) limits. In the lower plot, exclusion regions in the plane of the HVT-model couplings (g V c H , g 2 c F /g V ) for three resonance masses of 1.5, 2.0, and 3.0 TeV, where g denotes the weak gauge coupling. The points A and B of the benchmark models used in the analysis are also shown. The boundaries of the regions excluded in this search are indicated by the solid, dashed, and dashed-dotted lines. The areas indicated by the solid shading correspond to regions where the resonance width is predicted to be more than 5% of the resonance mass, in which the narrow-resonance assumption is not satisfied. [21] ATLAS Collaboration, "Search for high-mass diboson resonances with boson-tagged jets in proton-proton collisions at √ s = 8 TeV with the ATLAS detector", JHEP 12 (2015) 055, doi:10.1007/JHEP12(2015)055, arXiv:1506.00962.
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